Background--We have previously demonstrated that antihypertensive treatment with renin-angiotensin system inhibitors restores the impaired endothelium-dependent hyperpolarization (EDH)-mediated responses in spontaneously hypertensive rats (SHRs). Herein, we investigated whether the angiotensin II receptor-neprilysin inhibitor sacubitril/valsartan (LCZ696) would improve reduced EDH-mediated responses and whether LCZ696 would exert additional effects on endothelium-dependent and endothelium-independent vasorelaxation compared with an angiotensin II type 1 receptor blocker alone during hypertension.
H ypertension is one of the most prevalent and important risk factors for cardiovascular disease across the world. 1 In hypertension, endothelial dysfunction precedes the development of arterial atherosclerosis. It appears to be associated with an increased risk of cardiovascular disease, including cerebrovascular disease, ischemic heart disease, renal failure, and heart failure. [2] [3] [4] Thus, it is of clinical importance to find effective treatments for endothelial dysfunction in hypertension.
In addition to the release of several vasoactive factors, such as nitric oxide (NO) and prostacyclin, vascular endothelial cells regulate arterial tone through the generation of endothelium-dependent hyperpolarization (EDH). [5] [6] [7] [8] Although the mechanisms of endothelial dysfunction in hypertension seem to vary, 2, 3 we have demonstrated that the impaired EDH generation accounts for the decreased endothelium-dependent relaxation of mesenteric arteries of spontaneously hypertensive rats (SHRs), 9À12 the most commonly used animal model for human essential hypertension. 13 Reduced EDH-mediated responses have also been reported in the mesenteric arteries of rats with chronic heart failure.
14 Sacubitril/valsartan (LCZ696) is a new class of cardiovascular drug that is composed of the angiotensin (Ang) type 1 receptor blocker (ARB) valsartan and the neutral endopeptidase (NEP) inhibitor sacubitril, in the form of a sodium salt complex. 15, 16 Sacubitril is a prodrug that is converted by enzymatic cleavage of the ethyl ester into its active form, sacubitrilat. It has been reported that LCZ696 showed significantly greater reduction in blood pressure compared with valsartan in patients with hypertension. 17 Moreover, in the PARADIGM-HF (Prospective Comparison of ARNI With ACEi to Determine Impact on Global Mortality and Morbidity in Heart Failure) trial, which was a double-blind randomized study comparing LCZ696 and the Ang-converting enzyme inhibitor enalapril in patients with heart failure with reduced ejection fraction, LCZ696 was superior to enalapril at reducing the risks of death and hospitalization for heart failure. 18 However, the mechanisms underlying the superiority of LCZ696 over renin-Ang system (RAS) inhibitors in hypertension and heart failure are not known. Along with its blockade of Ang type 1 receptor, LCZ696 reduces the degradation of several vasoactive peptides, including adrenomedullin, bradykinin, calcitonin gene-related peptide, natriuretic peptides, substance P, Ang II, and endothelin-1 (ET-1), through the inhibition of an NEP. 19, 20 Because adrenomedullin, bradykinin, calcitonin gene-related peptide, substance P, and C-type natriuretic peptide act as potent vasodilators, 19, 20 it is tempting to speculate that the superiority of LCZ696 over RAS inhibitors in hypertension and heart failure is related to the beneficial actions of some of these peptides on the cardiovascular system. We have demonstrated that antihypertensive treatment with RAS inhibitors restores the impaired EDH-mediated hyperpolarization and relaxation in mesenteric arteries of SHRs. 10, 11 Interestingly, Kusaka et al recently reported that LCZ696 was more effective at improving acetylcholine (ACh)-induced relaxation compared with the ARB valsartan alone in high-salt diet-fed SHR/NDmcr-cp(+/+) rats; however, the underlying mechanism remained unresolved. 21 Although controversial, 22 it was reported that C-type natriuretic peptide released from the endothelial cells on stimulation with ACh could produce hyperpolarization of rat mesenteric arteries. 23 Bradykinin has also induced EDHmediated relaxation in several vascular beds, including human coronary arteries. 24 Some vasoactive substances, such as adrenomedullin and calcitonin gene-related peptide, have been reported to elicit endothelium-independent relaxation in rat mesenteric arteries. 25À27 Thus, it is intriguing to hypothesize that an accumulation of vasoactive substances via NEP inhibition would exert beneficial influences on vascular endothelial and/or smooth muscle function. Indeed, NEP inhibition with thiorphan was reported to augment the C-type natriuretic peptide-induced relaxation in porcine coronary arteries 28 and to potentiate the bradykinin-induced relaxation in small human resistance arteries. 29 We, thus, conducted the present study to determine the following: (1) whether treatment with the dual blockade of RAS and NEP with LCZ696 would improve endothelial dysfunction, particularly that attributable to EDH; and (2) whether LCZ696 would exert additive effects on endotheliumdependent and endothelium-independent relaxations compared with the ARB valsartan alone in mesenteric arteries of SHRs. Because previous studies have reported that a high-salt diet upregulates EDH to compensate for the loss of NO in mesenteric arteries of the rats, 30, 31 SHRs were fed a normalsalt diet in the present study to rule out the confounding effect of salt on endothelial function.
Methods

Handling of Animals
This study was approved by the Committee on the Ethics of Animal Experimentation of Kyushu University (Fukuoka, Japan). Male SHR/Izm and age-matched male Wistar-Kyoto (WKY)/Izm rats (n=8) were fed standard rat chow and had free access to tap water. At the age of 8 months, SHRs were assigned to 1 control group (SHR-C; n=12) and 2 treatment groups: treated with either LCZ696, 60 mg/kg per day (SHR-L; n=11), or valsartan, 20 mg/kg per day (SHR-V; n=12), for 3 months. The 60-mg LCZ696 contains 35% more valsartan than 20-mg valsartan alone (ie, 27 versus 20 mg). LCZ696 or valsartan dissolved in corn oil was orally administered via gastric gavage once daily. The dose of each agent was based on preliminary experiments (2 weeks of treatment) in which the blood pressure of 8-month-old SHRs was lowered to comparable extents. Untreated WKY rats served as normotensive controls. There were 8 to 12 rats in each group. LCZ696 and valsartan were supplied by a manufacturer.
The systolic blood pressure (SBP) and heart rate were measured in conscious rats by the tail-cuff method before, during, and at the end of the treatment. The rats were euthanized by deep anesthesia with isoflurane and inferior
Clinical Perspective
What Is New?
• The present study demonstrated that sacubitril/valsartan is effective in improving the impaired endothelium-dependent hyperpolarization-mediated responses in mesenteric arteries of spontaneously hypertensive rats.
What Are the Clinical Implications?
• Sacubitril/valsartan may serve as a novel tool with which to prevent cardiovascular diseases associated with hypertension.
vena cava exsanguination. 
Isometric Tension Recording
Rings (1.2 mm) with intact endothelium were placed in 5-mL organ chambers filled with 36°C Krebs solution that had been aerated with 93% O 2 to 7% CO 2 (pH 7.4). Isometric contractile responses were recorded, as described. [9] [10] [11] [12] The rings were then allocated to 1 of the following treatments: (1) control, (2) indomethacin (10 À5 mol/L), and (3) indomethacin
The rings were contracted with phenylephrine (PE; 10 À5 mol/L), and relaxations in response to ACh were determined in a cumulative manner. In this vascular bed, relaxation in response to ACh under these conditions has been abolished by the removal of the endothelium. 9 In some preparations, the rings were contracted with 77 mmol/L KCl solution in the presence of indomethacin (10 À5 mol/L), and the relaxation in response to ACh was observed for the evaluation of the NO-mediated relaxation. 9 Relaxations in response to levcromakalim, a direct activator of ATP-sensitive 
Electrophysiological Experiments
Transverse strips cut along the longitudinal axis of the 3-mm rings were placed in the experimental chamber (2 mL) with the endothelial layer up, and the strips were then superfused with 36°C Krebs solution aerated with 95% O 2 to 5% CO 2 (pH 7.3-7.4) at the rate of 3 mL/min. After equilibration for at least 60 minutes, the membrane potentials of the vascular smooth muscle cells were recorded using a conventional microelectrode technique, as described. 9 Thereafter, hyperpolarizations in response to ACh and levcromakalim were recorded. Indomethacin (10 À5 mol/L) and L-NAME (10 À4 mol/L) were present in all experiments to inhibit the influence of prostanoids and NO, respectively.
Drugs and Solutions
The following drugs were used: ACh chloride, PE hydrochloride, indomethacin, L-NAME, levcromakalim, SNP, LCZ696, and valsartan. Indomethacin was dissolved in dimethyl sulfoxide. Levcromakalim was dissolved in ethanol. LCZ696 and valsartan were dissolved in cone oil. All other drugs were dissolved in distilled water. All drugs were further diluted 1000-fold in Krebs solution to give the final chamber concentrations.
Statistical Analysis
Results are presented as meanAESEM. All statistical analyses were performed using GraphPad Prism version 5 for Windows. We analyzed the concentration-response curves of hyperpolarization and relaxation by performing a 2-way repeatedmeasures ANOVA, where the 2 independent variables were agonist and group, followed by a Bonferroni test for multiple comparisons. The mean value of the concentration-response data was fit to a sigmoid curve with a variable slope factor using nonlinear regression analysis (GraphPad Prism), which was used to calculate the concentration of agonist causing half-maximal response (EC 50 value) for hyperpolarization and relaxation. The EC 50 values are expressed as the negative logarithm of the molar concentration. Changes in SBP and heart rate were analyzed by 2-way repeated-measures Figure 1A ). Although these 2 treatments showed a similar reduction in the SBP for the first 4 weeks after the treatments were initiated, LCZ696 achieved a significantly greater SBP reduction than valsartan at 7, 8, 9, 11, and 12 weeks. When examining group differences, the blood pressures for SHR-L and SHR-V were significantly different from each other ( Figure 1A ). There was no significant difference in heart rate between the WKY and SHR groups before or after treatment (Table 1 , Figure 1B ). The body weights were significantly smaller in the SHRs compared with the WKY rats both before and after treatment (Table 1) .
Resting Membrane Potential in Mesenteric Arteries
The resting membrane potential of the mesenteric artery was significantly less negative in the SHR-C group 
EDH in Mesenteric Arteries
Representative tracings of ACh-induced EDH-mediated hyperpolarization in the resting state of the membrane are shown in The ACh-induced EDH was significantly less in the SHR-C group compared with the WKY group (Figure 2A and 2B) . Both the LCZ696 (SHR-L) and valsartan (SHR-V) treatments significantly improved the ACh-induced EDH, to a similar extent for WKY rats (Figure 2A and 2B ). There was no significant difference in ACh-induced EDH between the SHR-L and SHR-V groups (Figure 2A and 2B ). There was a significant negative relationship between the amplitude of the ACh (10 À5 mol/L)-induced EDH and SBP when all groups were included in the analysis ( Figure 2C ). However, no significant relationship was observed between these 2 parameters in the subgroup of treated SHR and WKY rats ( Figure 2D ). 
Endothelium-Dependent Relaxation in Mesenteric Arteries
In mesenteric arterial rings precontracted with 10 À5 mol/L PE in the absence of indomethacin (10 À5 mol/L), ACh induced a dose-dependent relaxation in all groups, but it produced small relaxation in SHR-C ( Figure 3A , Table 2 ). There were no significant differences in the maximal relaxations among the treated SHR and WKY rats, but the sensitivities to ACh were significantly higher in the treated SHRs compared with the WKY group ( Figure 3A , Table 2 ). Indomethacin markedly augmented relaxation in the SHR-C group to a similar extent for treated SHR and WKY rats, but the sensitivities to ACh were still significantly higher in the treated SHRs compared with the WKY group ( Figure 3B , Table 2 ).
In the presence of indomethacin and L-NAME (10 À4 mol/L), the ACh-induced EDH-mediated relaxation was significantly less in the SHR-C group than in the WKY group ( Figure 3C , Table 2 ). Both the LCZ696 (SHR-L) and valsartan (SHR-V) treatments markedly restored the ACh-induced EDH-mediated relaxation, and the relaxation in the treated SHR preparations was even more pronounced than that in the WKY preparations ( Figure 3C , Table 2 ). There was no significant difference in ACh-induced EDH-mediated relaxation between the SHR-L and SHR-V groups ( Figure 3C , Table 2 ). Values are meanAESEM. There were 6 rats per group. L-NAME indicates N x -nitro-L-arginine; Max, maximal relaxation to drugs; ND, not determined; pD2, negative logarithm of molar 
Endothelium-Independent Hyperpolarization and Relaxation in Mesenteric Arteries
The relaxations in response to SNP, an NO donor, in rings precontracted with 10 À5 mol/L PE did not differ among the 4 groups ( Figure 5A , Table 2 ). Levcromakalim (10 À5 mol/L), a direct activator of K ATP , produced a comparable degree of hyperpolarization in the mesenteric arteries in all groups: SHR-C, À24.8AE0.9 mV; SHR-L, À24.1AE1.3 mV; SHR-V, À22.3AE1.3 mV; WKY, À21.6AE1.5 mV (n=4-5 per group; not significant). Although the maximal relaxations to levcromakalim in rings precontracted with 10 À5 mol/L PE did not differ among the 4 groups, the sensitivities to levcromakalim were significantly higher in the treated SHRs compared with the other groups ( Figure 5B , Table 2 ).
Discussion
Our findings demonstrated that treatment with the Ang receptor neprilysin inhibitor LCZ696 and the ARB valsartan improved the impaired EDH and EDH-mediated relaxation in mesenteric arteries of SHRs. However, the dual blockade of RAS and NEP with LCZ696 did not exert any additional benefit over valsartan alone in ameliorating the impairment of endothelial function in this model. In this study, SHRs were treated with either LCZ696 or valsartan for 3 months. Although the dose of each drug was determined on the basis of the results of preliminary experiments (2 weeks of treatment) in which the blood pressure of 8-month-old SHRs was lowered to comparable extents, there was a significant difference in SBP between LCZ696-and valsartan-treated SHRs when the length of treatment was extended to 3 months. The underlying mechanism of additive reduction in blood pressure in LCZ696-treated SHRs is not clear from the present study, but might simply relate to the higher valsartan dose (ie, 27 versus 20 mg). The greater blood pressure-lowering effect of LCZ696 might also be attributable to the increase in natriuretic peptides, leading to enhanced urinary sodium excretion and suppressed sympathetic activity. 21 Alternatively, because Ang II-Ang type 2 receptor and Ang-converting enzyme 2-Ang-(1-7) pathways generally oppose the actions of the Ang II-AT1R axis, 32 increases in plasma Ang II and/or Ang-(1-7) levels, if any, would be associated with significant reduction of blood pressure during treatment with LCZ696. This was evidenced by the treatment with vasopeptidase inhibitor omapatrilat in SHRs. 33 The mechanisms underlying the additive reduction in SBP in LCZ696-treated SHRs remain to be elucidated. Herein, the ARB valsartan ameliorated the impaired EDH and EDH-mediated relaxation in mesenteric arteries of SHRs. These data are consistent with our previous study showing that another ARB, candesartan, improved impaired EDHmediated responses in this vascular bed.
10 LCZ696 also improved EDH and EDH-mediated relaxation in mesenteric arteries of SHRs in the present study; however, the beneficial effects of LCZ696 on EDH-mediated responses appeared to be similar to those of valsartan alone. These findings suggest that vasoactive peptides, such as C-type natriuretic peptide, bradykinin, and substance P, which can be accumulated by NEP inhibition, 19, 20 heterogeneous depending on the animal species and vascular bed studied. 34 Although LCZ696 did not exert an additional benefit over valsartan alone in restoring EDH-mediated responses, despite the significant reduction in SBP, this does not imply that LCZ696 is less effective in improving endothelial function associated with hypertension. Our previous findings showed that there was a significant negative relationship between the amplitude of EDH and SBP in mesenteric arteries of SHRs; however, this negative relationship disappeared when the blood pressure was lowered within normotensive range. 10 In addition, blood pressure reduction alone did not improve EDH in mesenteric arteries of WKY rats. 35 Indeed, in the present study, there was no significant relationship between the amplitude of EDH and SBP in the treated SHRs and WKY rats within the normotensive range. Thus, it seems likely that the further reduction in blood pressure within the normotensive range achieved with LCZ696 treatment in this study did not lead to a greater restoration of EDH in mesenteric arteries of SHRs. Similar to our present findings, Pu et al demonstrated that the treatment of stroke-prone SHRs with either valsartan or valsartan plus the NEP inhibitor CGS25354 improved ACh-induced relaxations comparably, despite the significant reduction in blood pressure in the valsartan+NEP inhibitor CGS25354-treated group. 36 In contrast to our present findings, Kusaka et al reported that LCZ696 is more efficacious in improving ACh-induced relaxations than valsartan alone in SHR/NDmcr-cp(+/+) rats fed a high-salt diet. 21 Because blood pressure lowering per se improves endothelial dysfunction in hypertension, 2,10 the superiority of LCZ696 over valsartan alone on ACh-induced relaxations may simply be attributable to the greater blood pressure reduction by LCZ696 than valsartan in SHR/NDmcrcp(+/+) rats fed a high-salt diet. 21 Another possible explanation is that LCZ696 exerts beneficial effects on vasodilator function independently of blood pressure change under the experimental conditions used in the study by Kusaka et al. 21 Indeed, blood pressure-independent favorable effects of LCZ696 on cardiac and renal fibrosis have been reported. 37, 38 The mechanisms by which LCZ696 improves vasodilator function more effectively than valsartan alone in high-salt diet conditions remain to be determined. In addition to increasing several vasodilator substances, NEP inhibition may also elevate the level of a potent vasoconstrictor, ET-1. 19, 20, 39 In mice overexpressing human prepro-ET-1 restricted to the endothelium, an exaggerated production of ET-1 reduced endothelium-dependent, NOmediated relaxation through the generation of reactive oxygen species. 40 However, in the present study, ACh-induced, NOmediated relaxations in mesenteric arteries did not differ between LCZ696-and valsartan-treated SHR groups. Thus, it appears likely that ET-1 produced via NEP inhibition, if any, did not exert deleterious effects on endothelial function in our experimental conditions. Consistent with our previous study, 10 the endotheliumindependent relaxations in response to the NO donor SNP and those to the K ATP channel opener levcromakalim were preserved in mesenteric arteries of SHRs compared with those of WKY rats. In addition, the relaxations in response to SNP or levcromakalim treated with either LCZ696 or valsartan alone were, for the most part, similar to those of the nontreated SHR and WKY rats. However, the sensitivity to levcromakalim (as shown by the leftward shift in the doseresponse curves) was significantly higher in both LCZ696-and valsartan-treated SHRs.
The reason for the increased sensitivity to levcromakalim in treated SHRs is not clear, but it might result from the blockade of Ang II with valsartan. This possibility is on the basis of the report that Ang II inhibited K ATP channels through the activation of protein kinase C in freshly isolated vascular smooth muscle cells from rat mesenteric arteries. 41 Interestingly, pretreatment with fosinopril or valsartan reduced myocardial no reflow after acute myocardial infarction and reperfusion attributable to the activation of K ATP channels in miniswine. 42 Because vasoactive substances, such as adrenomedullin and calcitonin gene-related peptide, have produced membrane hyperpolarization through the opening of K ATP channels in smooth muscle cells of rat mesenteric arteries, 26, 27 the net result of such hyperpolarizing changes in smooth muscle cells would produce endothelium-independent vasodilation, thereby contributing to the blood pressure-lowering effect of LCZ696. However, this notion seems not to be the case in the present study because there was no difference in the resting membrane potential of mesenteric arteries between the LCZ696-and valsartan-treated groups. Thus, NEP inhibition per se appears to have had little effect on the vasodilator function of the mesenteric artery smooth muscle cells of SHRs in this study.
In conclusion, EDH and EDH-mediated relaxation were impaired in the mesenteric arteries of SHRs. Treatment with LCZ696 or the ARB valsartan improved EDH-mediated responses to similar extents. In addition, both treatments partially improved endothelium-independent relaxation. These findings suggest that LCZ696 exerts beneficial effects on endothelium-dependent relaxation and on endothelium-independent relaxation (although this effect was small). Our findings also indicate that an accumulation of vasoactive substances through the inhibition of NEP with LCZ696 does not appear to exert an additional benefit over valsartan alone on the endothelium-dependent and endothelium-independent vasodilator function in mesenteric arteries of SHRs. The clinical relevance of these findings warrants further investigation.
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